We have developed a strategy by which the nature of phosphodiester bond breaks produced by various DNA-repair endonucleases and also other nucleases, can be characterized. A purified apurinic/apyrimidinic (AP) specific endonuclease from a permanently established mouse plasmacytoma cell-line (MPC-11) has been examined with respect to the exact incision site generated at the baseless site. By the aid of enzymatic treatment with calf intestinal phosphatase, the 3'-phosphatase activity of T4-polynucleotide kinase, chemical modification with piperidine in addition to the Maxam-Gilbert sequencing procedure, followed by separation on a DNA-sequencing gel, the nature of the cleaved phosphodiester bond, both 3 1 and 5' to the cleavage site, has been established. The AP-specific endonuclease investigated was classified as a class II APendonuclease according to the four possible classes of APendonucleases with respect to the termini produced. By use of this technique each single damaged and cleaved site can be investigated separately.
INTRODUCTION
Removal of a purine or pyrimidine moiety from DNA creates an abasic site (AP-site) and leaves a deoxyribose residue. These apurinic or apyrimidinic sites are the most frequent damage found in DNA (1, 4) . Whether formed by the action of a DNA glycosylase, chemical or physical agents, or spontaneously, the deoxyribose residue in an AP-site exists in an equilibrium between the furanose form and the aldehyde form (1, 2, 3) . DNA containing AP-sites can be repaired in vitro by the successive action of AP-endonuclease, DNA polymerase and DNA ligase. However, the presence of an unrepaired AP-site on a DNA template creates a significant challenge for DNA polymerase (5, 6) . The coding information has been lost, and if elongation occurs it is unlikely that the correct base will be incorporated. It has been shown that incorporation can occur opposite AP-sites at reduced rates. Previous studies have demonstrated that Ade is incorporated most often followed by Gua (6, 7, 8, 9 ).
AP-endonucleases of which the incision position has been determined, fall into two of four different classes (10) . Class I enzymes produce a 3'-deoxyribose and 5'-phosphomonoester nucleotide termini and are always associated with a DNA glycosylase activity. However, recent findings suggest that class I AP-endonucleases act as 8-elimination catalysts and not via enzymatic hydrolysis (11, 12) . Class II enzymes on the other hand, give a deoxyribose-5'-phosphate at the 5'-terminus and a 3'-hydroxyl nucleotide terminus. The latter end will support DNA synthesis by DNA-polymerase I (E.coli). An AP-endonuclease purified from Drosophila embryos acts in a different way (13) . The latter enzyme produces a deoxyribose-3'-phosphate at the 3'-terminus and a 5'-hydroxyl nucleotide terminus (class III).
The cleavage positions of these enzymes have been characterized by the aid of the priming activity of DNA polymerase I from E.coli (10) . However, this method is timeconsuming and gives a high background. The values measured are the average values for all AP-sites in the examined DNA. Furthermore, the technique alone will only give information about the 5'-side of the cleaved AP-site, i.e. whether the generated 3'-end supports DNA synthesis by DNA polymerase I from E.coli or not. The latter technique will not detect any DNAexcision 3' or 5' to the damaged site.
In the present paper we describe a strategy which allows us to examine the phosphodiester bond breaks produced by various DNA-repair endonucleases and other endonucleases in detail. This technique makes it possible to distinguish between all 4 classes of AP-endonucleases employing a single DNA-sequencing gel. By use of 3'-and 5'-labeled DNA, both ends of the cleaved phosphodiesterbond can be examined. This will confirm the incision position made by AP-endonucleases, and any excision made by the enzyme to be examined can be detected. The sites of the incision produced by an AP-specific endonuclease purified from mouse plasmacytoma cells (MPC-11) have been characterized by this method.
MATERIALS AND METHODS Preparation! of DNAs
The bacteriophage eX174 replicative form I (RFI) DNA was from the laboratory stock. Approximately 5 ug of this DNA was digested with Xhol restriction endonuclease. One aliquot (about 2.5 ug) was labeled at the 5'-end with 100 uCi (y-32 p)ATP and T4~polynucleotide kinase, prior to a double digest with the restriction endonucleases PstI and Haelll. From this treatment we obtained three restriction fragments of which two was 5'-labeled in one strand. The length of these two fragments were 273-and 170 bp respectively. The latter DNA was employed in the DNA sequencing/cut-site analysis described.
The second half of the Xhol restriction endonuclease digest, was labeled at the 3'-ends with 80 uCi (0c-32p)aNTPs and the Klenow large fragment. This labeled DNA-fragment was then digested with the restriction endonucleases PstI and Haelll, to obtain two labeled fragments 273-and 166 bp in length. Both fragments were 3'-labeled in one strand and these 3'-labeled strands were complementary to the 5'-labeled strands above. The 166 bp fragment was employed in the analysis described later.
DNA modification
DNA was modified according to the chemical modification protocol described by Maxam and Gilbert (14, 15) . Apurinic sites were introduced in the 32p_i a beled DNAs by treatment with 70% formic acid for 5 minutes at room temperature. The reaction was stopped by adding sodium acetate and EDTA (to a final concentration of 0.3 M and 0.1 mM, respectivly) prior to two subsequent ethanol precipitations and one ethanol wash with 70% ethanol. Following this treatment, approximately one apurinic site was randomly introduced per labeled strand. Enzymes
The AP-(apurinic/apyrimidinic)-specific endonuclease from mouse plasmacytoma cells, line MPC-11, was isolated as previously described (16, 17) . The specific activity and purity were as earlier published. The endonuclease III (E.coli), was kindly provided by Dr. Richard P. Cunningham, Department of Biological Sciences, State University of New York, Albany, N.Y., USA.
T4-polynucleotide kinase and Xhol restriction endonuclease were purchased from Amersham International. PstI and Haelll restriction endonucleases were from New England Biolabs. Calf intestinal phosphatase (CIP) was from P-L Biochemicals, Inc., Milwaukee.
Enzyme assays
The standard assay for the AP-specific endonuclease contained 4 mM MgCl 2 , 50 mM KC1, 5 mM DTT and 20 mM Tris-HCl, pH 7.6. The incubation was carried out at 37°C for 15 minutes if not otherwise stated. The enzyme reaction was terminated by phenol extraction.
One unit of AP-endonuclease activity is defined as the amount of enzyme required to convert 1 pmole 0X174 RFI DNA molecules to the RFII form when incubated at 37°C for 15 minutes under standard assay conditions. The AP-endonucleolytic activity was measured by the aid of the nitrocellulose filter binding technique (18, 19) .
Cut-site determination
To remove a possible sugar residue after enzymatic cleavage in the AP-site, the DNA was treated with 1 .0 M piperidine for 20 minutes at 95°C. The 3'-phosphatase activity of T4-polynucleotide kinase was used to remove phosphate groups at the 3'-end of the labeled DNA fragment cleaved by the APendonuclease to be examined. The 3'-phosphatase assay mixture contained 6 units of T 4 -polynucleotide kinase, 25 mM 2(Nmorpholino)ethanesulfonic acid pH 6.0, 8 mM MgCl2, 5 mM 2-mercaptoethanol, 15 mM ammonium acetate, and the treatment was carried out for 2-3 hrs. at 37°C.
Equally, the 5'-phosphatase calf intestinal phosphatase (CIP) was used to remove phosphate groups at the 5'-end (in the 3'-labeled fragments). The assay mixture consisted of AP-DNA (3 1 -labeled), 50 mM Tris-HCl, pH 8.4, 1 mM MgCl 2 , 0.1 mM ZnCl 2 , and 0.1 unit CIP.
DNA sequencing analysis
Approximately one apurinic site per labeled DNA strand was randomly introduced into the double-stranded DNA employed (above). The enzyme will thus act on AP-sites in dsDNA, but only the action on the endlabeled strand will be displayed in the autoradiograph. The enzymatic reactions were carried out at 37°C for 30 minutes in a total assay mixture of 50 ul, using standard assay conditions. The enzymatic activity was stopped by phenol extraction. Substrate DNA with AP-sites was incubated with heatinactivated (100°C, 20 minutes) AP-specific endonuclease as a negative control. Furthermore, unmodified DNA was incubated with active AP-endonuclease and heat-inactivated AP-endonuclease as controls on unspecific cleavage of the DNA.
The 3'-labeled substrate was also incubated with endonuclease III (E.coli) (20, 22, 23) , a class I AP-endonuclease (21) and run alongside the sequencing lanes as a reference lane. The enzyme digests were run in a 20% DNA-sequencing gel for 3-4 hrs. at 2000 volts, until the brom-phenol-blue dye had run out of the gel.
RESULTS AND DISCUSSION
The basis for the strategy developed for classification of AP-endonucleases as well as other nucleases involves the . This shift in migration caused by the phosphate, was used to separate class I/II AP-endonucleases (phosphate at the 5'-end) from class III/IV AP-endonucleolytic cleavage (no phosphate at the 5'-end). Thus the 3'-labeled fragments containing AP-sites, were cleaved by the AP-endonuclease to be examined and loaded on a 20% DNA-sequencing gel. DNA treated exactly the same way, but in addition also with 5'-phosphatase (above), was run alongside on the gel. If the enzyme is a class III or a class IV AP-endonuclease, no shift will be observed (there is no phosphate group to remove) relative to only enzyme treated DNA. If the enzyme is a class I or a class II APendonuclease (phosphate at the 5'-end), the DNA treated only with AP-endonuclease will move faster than the DNA bands which appears after AP-endonuclease and 5'-phosphatase (CIP) treatment, i.e. a phosphate group has been removed in the latter case ( Figure 1A ). It is obvious from the results in Figure 1B , comparing lanes 2 and 3, that a shift occurs, indicating that the AP-specific endonuclease in question is either a class I or a class II enzyme.
To separate class I AP-endonuclease from class II, the DNA containing AP-sites was first cleaved by the AP-endonuclease, prior to 5'-phosphatase treatment (CIP) and then treated with piperidine (to remove any ribose-residue at the 5'-end). The above treatment will remove the phosphate group at the 5'-end of a class I cut-site, leaving a 5'-OH group instead of the phosphate. This DNA will move slower in the DNA-sequencing gel compared with only enzyme treated DNA. In the case of a class II cut-site, this treatment will first remove the 5'-phosphate group and then the sugar residue (piperidine treatment). The resulting DNA-fragment will have a 5'-phosphomonoester nucleotide termini equal to an original class I cut-site, and comigrate approximately with AP-DNA treated only with a class II enzyme and of course class I cleaved AP-DNA ( Figure 1A ). The shift in migration caused by removing a ribose-residue was approximately of the same size as when a phosphate group was excised, but in the opposite direction.
5'-labeled DNA
The analysis was performed as described above (3'-labeled DNA) except that the phosphate group (this time at the 3'-end) was removed by the 3'-phosphatase activity of the T4-polynucleotide kinase. Class I and class II AP-endonucleases (no phosphate at the 3'-end) was separated from class III and class IV AP-endonucleases (phosphate at the 3'-end), by treating the enzyme-cleaved DNA fragments with 3'-phosphatase (above), and comparing the migration with only AP-endonuclease treated DNA fragments. If the AP-endonuclease to be examined is a class I or II enzyme, the latter treatment will result in DNA-fragments which comigrate with DNA-fragments without this treatment (only AP-endo). If, on the other hand, the enzyme belongs to class III or IV (both leaving a phosphate group at the 3'-end), 3'-phosphatase treatment will cause a shift in migration ( Figure  2A) . With a phosphate removed from the 3'-end, the DNA fragments will move slower in the sequencing gel compared with only APendo treated DNA. In Figure 2B , the DNA-fragments in lanes 2 and 3 comigrate through the gel. This indicates that the fragments have the same number of negative charges, and that no phosphate is left at the 3'-end after cleavage by the mouse plasmacytoma AP-endonuclease. These findings exclude class III and class IV, and are in agreement with the results from the analysis of 3'-labeled DNA.
In order to distinguish between class I and II, the DNA containing AP-sites were first cleaved by the AP-endonuclease, then treated with 3'-phosphatase and finally with piperidine. This treatment will only remove the deoxyribose residue at the 3'-end from a class I cleavage site. The change in length of the labeled fragment will result in a shift (see analysis with 3'-labeled DNA, Figure 1B ). In the case of a class I APendonuclease, the latter treatment will produce DNA-fragments moving faster than DNA-fragments from only AP-endonuclease treated DNA. If the enzyme in question is a class II APendonuclease, the DNA-fragments produced by the latter treatment will comigrate with DNA fragments from only AP-endonuclease treatment. Comparing the migration in lanes 3 and 4 in Figure  2B , no shift can be observed between the two lanes. The present data strongly therefore suggest that the AP-specific endonuclease from mouse plasmacytoma cells is a class II APendonuclease and thus confirms the results with the 3'-labeled DNA.
The present work describes a strategy that can be used for characterization of the cleavage products of various DNA repair enzymes and related DNases. The method has the advantage of beeing fast and reliable, it gives exact information about each single damaged and cleavaged site in the DNA. Moreover, the procedure also gives a low background compared with earlier methods. A single sequencing gel can distinguish between the four theoretical possible classes of AP-endonucleases. A second gel will confirm the results obtained by using a DNA-strand labeled at the opposite end. Together, using both 3 1 and 5 1 labeled DNA, the method will give detailed information about the phosphodiester bond breaks and the termini produced. The technique can be used to study the nature of both DNA-incision and -excision, elucidating the mechanism of action of various DNA-endonucleases.
